Histological and ultrastructural changes in the nasal mucosa of normal and leukopenic mice exposed to Pseudornonas aeruginosa were compared and correlated with changes in the distribution of pseudomonads by use of immunoperoxidase labeling. Pseudomonas was limited to the surface of the nasal mucosa of normal mice and was cleared rapidly. Concurrently, granulocytes were recruited across unaltered nasal epithelium and contained phagocytosed bacilli within two hours. Pseudomonas was limited to the surface of the nasal mucosa of most leukopenic mice at two hours. By four hours, pseudomonads had penetrated interepithelial junctions of all leukopenic mice. Granulocytes were not recruited and nasal epithelium underwent necrosis at points of invasion. These results show that neutrophils participate in the clearance of P. aeruginosa from the surface of the nasal mucosa and that the failure to recruit granulocytes may be important in the breakdown of epithelial barriers. Possible mechanisms of mucosal invasion are discussed.
Pseudomoniasis is a serious and frequently fatal disease of the immunocompromised host. In veterinary medicine, it is recognized as a cause of epizootics among conventionally maintained laboratory mice that have received doses of cytotoxic drugs or ionizing radiation sufficient to induce leukopenia [7, 18, 23, 241 . Pseudomonas aeruginosa is not part of the normal murine microbial flora, but it is ubiquitous in the environment [ 13, 25, 261 . Bacteremia is initiated when ingested pseudomonads penetrate nasal and oral mucous membranes [4] .
Little is known about the process of mucosal invasion in pseudomoniasis because bacteria in most experimental infections have been given parenterally. P. aeruginosa penetrates apparently intact conjunctival and nasal mucosa of agranulocytic rabbits and mice, respectively, but it is unable to do this in normal animals [4, 271. The opportunistic nature of this disease suggests that host and bacterial factors are important in mucosal invasion. We describe sequential histological and ultrastructural changes produced by P. aeruginosa in the nasal mucosa of normal and leukopenic mice and correlate these changes with the distribution of pseudomonads by use of immunoperoxidase labeling.
Materials and Methods
Pseudomonas aeruginosa ATCC no. 29260 (American Type Culture Collection, Rockville, Md.) was revived with trypticase soy broth and maintained on trypticase soy agar at 25°C. Twenty-four hour trypticase soy agar cultures, incubated at 37"C, were used to inoculate 50 ml trypticase soy broth which then was incubated for 18 hours at 37°C without agitation. Broth cultures were centrifuged three times with sterile saline. Bacterial suspensions were diluted to the appropriate concentration by optical density verified by quantitative pour plates.
Outbred male CD-1 mice (Jackson Laboratories, Bar Harbor, Maine) weighing 18 to 22 g each were housed in polystyrene cages with hardwood chip bedding, and fed autoclaved Purine Laboratory Chow (Ralston Purina Co., St. Louis, Mo.) and distilled water. They were verified to be free of potential nasal pathogens including: Sendai virus, pneumonia virus, mouse hepatitis virus, ectromelia, Pasteurella pneumotropica, Corynebacterium kutscheri, Pseudomonas aeruginosa, and Mycoplasma pulmonis by microbiological, serological, and pathological monitoring.
A total of 216 mice were divided into two groups. Mice in group 1 were given an intraperitoneal injection of cyclophosphamide (Cytoxan, Mead Johnson Laboratories, Evansville, Ind.) at a dose of 350 mg/kg body weight to induce leukopenia (leukopenic mice). Ninety-six hours later, ten mice were bled for peripheral leukocyte counts and the remainder were given intranasal instillations of lo8 colony-forming units of Pseudomonas aeruginosa in 0.01 ml saline. Group 2 was treated similarly except that the mice were given intraperitoneal saline instead of cyclophosphamide (normal mice). Twelve randomly selected mice from each group were killed and sampled for histology, immunohistochemistry and transmission electron microscopy at 15 minutes and 2,4, 6, 8, 10, 12 and 18 hours after challenge infection.
For evaluation of the effects of cyclophosphamide on the nasal mucosa, ten mice were given cyclophosphamide and killed 96 hours later for light microscopic and ultrastructural studies. The effects of saline diluent were evaluated by instilling 0.01 ml saline intranasally into 20 mice given intraperitoneal saline or cyclophosphamide 96 hours previously. Mice were killed at 15 minutes and 2, 6, 10 and 18 hours for light microscopic and ultrastructural studies. Five mice served as untreated controls.
The heads of mice sampled for histology and immunohistochemistry were skinned and the brains were removed. The heads were fmed in phosphate-buffered 10% formalin (pH 7.6) for 24 hours, placed in decalcifying fluid (Harleco, Gibbstown, N.J.) for 18 hours, and washed in tap water for six hours. Serial coronal sections 1 mm thick were made of the heads.
Tissues were processed routinely and embedded in paraffin, cut at 6 pm, and stained with hematoxylin and eosin (HE). Selected tissues were stained with toluidine blue. Antiserum to P. aeruginosa was produced in rabbits with a formaldehyde-killed, whole-cell vaccine in complete Freund's adjuvant as described [4] . Serum was heated at 56°C for 30 minutes and stored at -20°C. Pre-immune serum was obtained prior to vaccination. Sections for immunoperoxidase staining were deparaffinized with xylene and rehydrated with graded ethyl alcohol to 0.05 M Tris-buffered saline (pH 7.6) at 25°C. Endogenous peroxidase was consumed by incubating the sections for five minutes in 3% hydrogen peroxide at 25°C. Non-specific staining was reduced by immersing the slides in 5% ovalbumin for 30 minutes at 25°C. Slides were rinsed thoroughly with Tris-buffered saline after each step. The unlabeled antibody enzyme method of staining P. aeruginosa antigen by immunoperoxidase-labeling was used to localize P. aeruginosa in tissue sections [4] . Sections were counterstained lightly with Weigert's iron hematoxylin.
Cubes of nasal tissue from mice sampled for transmission electron microscopy were fixed in cold phosphate-buffered 3% glutaraldehyde (pH 7.4) for one hour, washed in phosphate buffer, and post-fwed in Millonig's phosphate-buffered osmium tetroxide for one hour. Tissues were embedded in epoxy resin (Epon, Lab Research Industries, Inc., Burlington, Vt.) after dehydration in graded ethanols. Blocks were sectioned at 80 to 90 nm with a diamond knife, stained with uranyl acetate and lead citrate, and viewed with a transmission electron microscope.
Results

Leukocyte counts
Total peripheral leukocyte, neutrophil, and lymphocyte counts of mice treated 96 hours earlier with cyclophosphamide or saline are shown in table I. Counts were reduced 84%, 92%, and 82% respectively in cyclophosphamide-treated mice.
Histology and immunohistochemistry Normal histology and changes produced by cyclophosphamide and saline
Five types of epithelium lined the nasal cavity of control mice. High pseudostratified or stratified olfactory epithelium was found over caudodorsal surfaces, while low pseudostratified ciliated epithelium predominated elsewhere in the fossa. Stratified squamous epithelium was found throughout the vestibule. Stratified cuboidal epithelium was a transitional form between stratified squamous and pseudostratified ciliated epithelium and formed a narrow band within the posterior vestibule/anterior fossa. Simple cuboidal epithelium covered portions of the turbinates.
A few leukocytes were present in the nasal lamina propria of control mice. These were predominantly small lymphocytes and plasma cells with scattered polymorphonuclear leukocytes and macrophages. Polymorphonuclear leukocytes occasionally were seen between epithelial cells in plastic-embedded sections but were less visible in paraffin-embedded sections.
The nasal epithelium of cyclophosphamide-treated mice (group 1) was indistinguishable from that of mice given intraperitoneal saline (group 2). There were fewer polymorphonuclear leukocytes in the mucosa in the former group but there were no changes in the distribution or density of mononuclear cells. Intranasal saline (0.0 1 ml) had no detectable effect on the nasal mucosa of intact or leukopenic mice.
Experimental infection: normal mice (group 2)
Immunoperoxidase-labeled pseudomonads had accumulated in dependent recesses of the nasal fossa at 15 minutes. Mucosal epithelium was unaltered and there was no cytes contained cytoplasmic bacilli which stained for Pseudomonas antigens. At four hours, there was a sharp reduction in identifiable pseudomonads in the nasal cavity. Residual organisms were limited to mucosal surfaces, and an estimated one-half of stainable antigens were associated with polymorphonuclear leukocytes accumulating along the surface of stratified cuboidal, simple cuboidal, and ciliated epithelium. These epithelial layers had many transmigrating polymorphonuclear leukocytes but otherwise looked normal.
From hours 6 to 10, immunoperoxidase-labeled bacteria were seen with decreasing frequency in the cytoplasm of polymorphonuclear leukocytes that continued to accumulate along mucosal surfaces. The number of transmigrating polymorphonuclear leukocytes peaked between hours 8 and 10 in cuboidal and ciliated epithelium. By 18 hours, no pseudomonads were found in the nasal cavity and only scattered polymorphonuclear leukocytes remained.
Experimental infection: leukopenic mice (group 1)
The nasal mucosa of leukopenic mice was a transient barrier to Pseudomonas penetration. At two hours, some mice had foci of transepithelial pseudomonads which were confined to simple cuboidal or ciliated epithelium ( fig. 3 ). These foci involved one or two epithelial cells and extended to the basal lamina. At four hours, all leukopenic mice had several discrete sites of bacterial penetration in cuboidal or ciliated epithelium. Most of the labeled antigens were at intercellular junctions and did not extend below the basal lamina. No infiltrating polymorphonuclear leukocytes were seen.
From hours 6 to 18, foci of bacterial penetration multiplied, enlarged, and coalesced, but they remained confined to surfaces lined by cuboidal or ciliated epithelium. Epithelial cells at foci of invasion were disorganized and poorly cohesive at six hours ( fig. 4) and were desquamating at eight hours. Pseudomonas spread by extension along the basal lamina, which served as a barrier to deeper penetration. By eight hours, however, circumscribed colonies of pseudomonads extended into the superficial lamina propria, often around small caliber blood vessels. Undermined epithelium sloughed in sheets creating large areas of denuded mucosa at 18 hours. No infiltrating polymorphonuclear leukocytes were seen, but moderate numbers of macrophages accumulated in heavily invaded lamina propria.
Transmission electron microscopy
Treatment of mice with cyclophosphamide did not alter the nuclear or cytoplasmic structure of nasal epithelium and did not result in changes along the plasma membrane ( fig. 5 ). The nasal epithelium of normal mice exposed to P. aeruginosa maintained normal cellular characteristics throughout the study. Fifteen minutes and two hours after exposure there were free bacilli in the nasal cavity but neither epithelial attachment nor penetration was seen. Transepithelial polymorphonuclear leukocytes were confined to interepithelial spaces, while no surface polymorphonuclear leukocytes were seen. Epithelial invasion by P. ueruginosu in leukopenic mice was first detected six hours after exposure. This was two to four hours after penetration was found by immunohistochemistry and probably reflected sampling errors introduced by the focal nature of these early lesions. Before this, only scattered unattached bacilli were seen in the nasal cavity. Invasive pseudomonads appeared initially in lacunae formed by focally expanded interepithelial spaces ( fig. 6 ). Bacilli in these lacunae had surface projections that formed irregular spikes 10 to 15 nm thick and up to 30 nm long. Some of these spikes contacted epithelial plasma membranes ( fig. 6, inset) . Epithelial cells adjacent to invading pseudomonads were swollen and bulged into the nasal cavity. The mitochondria were swollen and the endoplasmic reticulum was swollen and fragmented. In addition to lacunae that formed around bacilli, intercellular junctions lost complex interdigitations and were separated by gaps up to 15 nm wide. By eight hours, many bacilli filled expanded intercellular spaces and accumulated along basal lamina ( fig. 7) . Degenerating epithelium was desquamating, resulting in focal erosions, and this was followed by lifting of epithelial sheets by pseudomonads extending along basal lamina. Pseudomonads had penetrated the basal lamina by hour 10 and were abundant in the lamina propria. Macrophages were conspicuous in these regions but phagosomes containing bacilli were not seen in these macrophages. Bacilli were frequently in close contact with macrophages, causing slight indentations of the macrophage plasma membrane. At this time, pseudomonads were surrounded by an external fuzzy coat that appeared to cover the entire organism. Rare bacilli were seen within the cytoplasm or nucleoplasm of macrophages.
Discussion
The results show that P. aeruginosa stimulates mucosal transmigration by polymorphonuclear leukocytes in the absence of bacterial invasion or ultrastructural changes in nasal epithelium, and that these leukocytes contribute to the clearance of Pseudomonas from the surface of the nasal mucosa. Furthermore, the results suggest that the failure of leukopenic mice to recruit polymorphonuclear leukocytes is important in the breakdown of target epithelial barriers. Leukocyte transmigration in normal mice was well developed prior to the onset of Pseudomonas invasion in most leukopenic mice and only the surfaces that served as conduits for Pseudomonas invasion had appreciable polymorphonuclear leukocyte traffic.
Polymorphonuclear leukocytes traverse various mucosal surfaces in the absence of overt infection [2, 9, 111 . This process is regarded as the means by which effete granulocytes are eliminated [2, 9, 1 I] . Several investigators attribute antimicrobial functions to this traffic in the gut [l, 201. Chemotactic factors modulate mucosal transmigration by polymorphonuclear leukocytes [ 1, 1 11. The prompt mobilization of granulocytes in response to pseudomonads confined to the mucosal surface suggests that pseudomonads or mucosal epithelium were sources of soluble leukotaxines. P. aeruginosa releases poorly characterized lipid leukotaxines during the log phase of growth [21] . Purified endotoxin can elicit a prompt granulocyte response across ciliated mucous membranes [lo] . Results of several investigations suggest that mucosal epithelium is a source of leukotaxines that may be released in response to noxious stimuli. Cultured human cervical epithelium, but not fibroblasts, releases substances chemotactic for polymorphonuclear leukocytes [2 11 . Mildly oxidized polyenoic compounds derived from epithelial cell membranes are also leukotactic P. aeruginosa invaded the nasal epithelium of leukopenic mice between degenerating epithelial cells. Other gram-negative bacilli that are capable of penetrating mucous membranes of uncompromised hosts do so by entry into epithelial cells. Shigella jlexneri [ 121, Salmonella typhimurium [ 191, enteroinvasive Escherichia coli [8] , and cystitis-producing E. coli [ 171 penetrate into and proliferate within mucosal epithelium prior to the onset of inflammation. Entry into epithelial cells confers a critical advantage on these pathogens by delaying the inflammatory response until mucosal invasion is well advanced. The failure of P. aeruginosu to penetrate into mucosal epithelial cells and the early mobilization of granulocytes distinguished the transient Pseudomonas infection of normal mice from infections caused by these more pathogenic gram-negative bacilli and probably account for its lack of virulence for the uncompromised host.
P. aeruginosa is one of the most invasive of the gram-negative bacilli commonly associated with bacteremia in the compromised host. While E. coli and Klebsiella pneumoniae have strain variations in their ability to penetrate mucous membranes of agranulocytic rabbits and often require local trauma [3, 291, strains of P. ueruginosa are uniformly invasive in this experimental model [28] . The basis for the mucosal [221.
invasiveness of Pseudomonas is poorly understood. Extracellular toxins are thought to influence the degree of virulence [ 141, but their roles in promoting invasion of the mucosa have not been investigated. Degenerative changes in epithelial cells adjacent to invading extracellular pseudomonads support cytotoxicity as a factor in mucosal invasion. Extracellular products of P. aeruginosa ATCC no. 28260 (PA-103) used in the present study include: toxin A, lipase, alkaline phosphatase, esterase, sheep hemolysin, and fluorescein [16] . Unlike most strains of P. aeruginosa, this strain produces only low levels of protease and gelatinase [16] . The surface spikes and fuzzy coats that covered invading pseudomonads may have been formed from extracellular slime polysaccharides [5] , because other P. aeruginosa cell-surface structures, pili and flagella, are polar [24] . Toxin A [ 151 and extracellular slime polysaccharides [6] are the only extracellular products shown to be produced during experimental infection of mice and both are thought to be important virulence factors [ 141. Animal infection models comparing the pathogenicity of mutagenized strains of P. aeruginosa, deficient in one potential virulence factor, with the pathogenicity of the parental strain will be necessary to determine the relative contribution of these extracellular products to mucosal invasion.
